Introduction
============

It is now well known that cardiac dysfunction in heart failure due to myocardial infarction (MI) is associated with cardiac remodelling [@b1]--[@b4]. Furthermore, varying degrees of defects in subcellular organelles such as sarcoplasmic reticular (SR) and myofibrils (MF) have been identified to account for impaired cardiac function in the failing heart [@b5]--[@b11]. As both renin-angiotensin system (RAS) and sympathetic nervous system (SNS) are activated in heart failure [@b12]--[@b14], several agents, which produce blockade of RAS or SNS, are being used for the treatment of heart failure [@b15]--[@b19]. In fact, different angiotensin II receptor (AT~1~R) antagonists and β-adrenoceptor (β-AR) blocking agents have been reported to prevent cardiac dysfunction, cardiac remodelling and subcellular alterations in heart failure due to MI [@b20]--[@b35]. However, none of the previous studies have shown reverse cardiac remodelling, improvement in cardiac performance and attenuation of subcellular defects upon instituting the drug therapy at a well-established stage of heart failure.

By employing a rat model of heart failure due to MI, we have shown earlier that mild, moderate and advanced stages of heart failure become evident at 4, 8 and 16 weeks of inducing MI respectively [@b36],[@b37]. Treatment of 3 weeks MI animals for a period of 4--5 weeks with angiotensin-converting enzyme inhibitors or AT~1~R antagonists, including losartan, was observed to attenuate cardiac dysfunction as well as changes in SR Ca^2+^-pump, SR Ca^2+^-release and MF Ca^2+^-stimulated ATPase activities in the failing hearts [@b10],[@b22],[@b25],[@b27],[@b32]. These beneficial effects of RAS blockade were demonstrated to occur at the level of cardiac gene expression because alterations in mRNA levels for SR and MF proteins were prevented by this therapy [@b10],[@b22],[@b25],[@b26],[@b32]. The present study was undertaken to test if cardiac dysfunction, cardiac remodelling and subcellular alterations in failing hearts at moderate to advanced stages of heart failure were reversible upon starting treatment with losartan at 12 weeks after the induction of MI. Changes in mRNA levels for SR and MF proteins were examined to investigate if the beneficial effects of losartan are evident at the level of cardiac gene expression. In view of the elevated levels of plasma catecholamines due to activation of SNS in heart failure [@b13],[@b14],[@b34], alterations in plasma norepinephrine (NE), epinephrine (EPI) and dopamine were monitored upon treatment of 12 weeks MI animals with losartan.

Materials and methods
=====================

Experimental model
------------------

All experimental protocols employed in this study have been approved by the Animal Care Committee of the University of Manitoba and followed the ethical guidelines established by the Canadian Council on Animal Care. Heart failure due to MI was induced in Sprague-Dawley rats (175--200 g) by occlusion of the left anterior descending coronary artery as previously used in our laboratory [@b22],[@b36]--[@b39]. Briefly, rats were anaesthetized with 2.5% isoflurane gas mixed with oxygen (2 l/min.) along with intermittent positive pressure ventilation. The left anterior descending coronary artery was ligated approximately 2 mm from the origin of the aorta and the heart was then repositioned back into the chest. The sham rats were treated in the same manner, except that the coronary artery was not tied. The incidence of mortality of these MI rats was approximately 30--36% within the initial 48 hrs. The animals were assessed electrocardiographically [@b38] both before and after the surgery to determine the extent of coronary artery ligation, whereas echocardiography [@b38] was employed at 12 weeks after surgery before the commencement of drug treatment to determine that these 12 weeks MI animals were in heart failure. Both sham and 12 weeks MI animals were treated orally with or without losartan (20 mg/kg/day) for 8 weeks and used for investigations. It should be mentioned that the echocardiographic assessment of 12 weeks infarcted animals showed marked depressions in ejection fraction (EF), fractional shortening (FS) and cardiac output (CO) without any changes in heart rate (HR).

Echocardiographic assessment of cardiac performance and cardiac remodelling
---------------------------------------------------------------------------

Rats were anaesthetized with 2.5% isoflurane gas in 2 l/min oxygen and the echocardiographic readings using the SONOS 5500 ultrasonograph (Agilent Technologies Inc., Andover, MA, USA) were recorded with animals lying on their left side. The following parameters were measured by this method as described previously [@b38]: interventricular septum diastole/systole thickness (IVSd, IVSs), left ventricular internal diameter diastole/systole (LVIDd, LVIDs), left ventricular posterior wall diastole/systole thickness (LVPWd, LVPWd), EF, FS, CO and HR.

Haemodynamic measurement and tissue preparation
-----------------------------------------------

For assessment of left ventricular function, animals were anaesthetized using an intraperitoneal injection containing a cocktail of ketamine:xylazine (90:10 mg/kg). By employing a micromanometer-tipped catheter (Millar SPR-249; Millar Instruments Inc, Houston, TX, USA) inserted into the left ventricle (LV), the following parameters were measured: systolic pressure (LVSP), diastolic pressure (LVEDP), mean arterial pressure (MAP), as well as rates of pressure development (+d*P*/d*t*) and pressure decay (−d*P*/d*t*) [@b38],[@b39]. Haemodynamic data were recorded using the AcqKnowledge program for Windows 3.03 (MP100, BIOPAC Systems, Inc., Goleta, CA, USA).

The hearts were quickly excised from the chest and the LV along with the septum, the right ventricle (RV) and the scar tissues were carefully dissected, washed, weighed and frozen in liquid nitrogen and stored at −80°C. Both lung and liver were washed, weighed and dried to give a wet/dry ratio which represented an index of pulmonary and liver congestion. In addition, the ratio of heart wt (both ventricles and infarct scar tissue) to total body wt provided an index of cardiac hypertrophy. The ratio of scar wt/total LV wt which indicated a fairly linear association with the size of the infarct was also determined [@b25],[@b38].

RNA isolation and Northern blot analysis
----------------------------------------

Total RNA was isolated from the viable LV tissue including septum using TRIzol Reagent (Life Technologies Inc., Burlington, ON, Canada) according to the method described earlier [@b25],[@b29]. Total RNA was denatured, subjected to electrophoresis to size fractionate the mRNA transcripts and transferred to a positively charge-modified nylon filter (NYTRAN PLUS, Schleider and Schuell, Keene, NH, USA). The nylon membrane was then promptly UV cross-linked covalently and the blots were pre-hybridized to random primed cDNA or oligonucleotide probes. SERCA2a was probed with a 0.762 kb cDNA fragment from the rabbit heart Ca^2+^-pump ATPase (courtesy of Dr. A.K. Grover, McMaster University, Hamilton, Canada). PLB was probed with a 0.153 kb cDNA fragment from the rabbit heart (courtesy of Dr. D.H. MacLennan, University of Toronto, Toronto, Canada). CQS was probed with a 2.5 kb cDNA fragment from the rabbit heart (courtesy of Dr. A. Zilverman, University of Cincinnati, Cincinnati, OH, USA). For myocardial MF α-MHC, a 39-meroligonucleotide derived from the 3′-untranslated region of the rat α-MHC gene and for the myocardial MF β-MHC probe, a 30-meroligonucleotide was derived from the 3′-untranslated region of the gene (specifically rat genome). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), a 1.2 kb cDNA fragment of the human GAPDH (American Type Culture Collection, Rockville, MD, USA), as well as a 24 base oligonucleotide probe of rat 18S ribosomal RNA, were used as an internal standard to account for the differences in nucleic acid loading and transfer of the RNA. This procedure of Northern blot analysis is the same as described previously [@b25]--[@b27],[@b39].

Preparation of SR and measurements of Ca^2+^-uptake and Ca^2+^-release activities
---------------------------------------------------------------------------------

Sarcoplasmic reticular vesicles from the cardiac muscle were isolated as previously described [@b22],[@b39]. The SR Ca^2+^-uptake activity was measured using a procedure described elsewhere [@b22],[@b39]. The determination of the Ca^2+^-release activity of the isolated SR vesicles was carried out by a modified procedure [@b22],[@b39]. The relative protein contents of the SR Ca^2+^-ATPase (SERCA2a), phospholamban (PLB) and calsequestrin (CQS) were measured using Western blot analysis [@b22],[@b39]. The blots were stained with Ponceau S solution to ensure uniform protein loading in all groups [@b22],[@b39].

Isolation of MF and determination of ATPase activity
----------------------------------------------------

The isolation of the MF fraction was carried out as previously described [@b27],[@b39]. The Mg^2+^-ATPase activity and total ATPase activity were measured [@b27],[@b39]. The Ca^2+^-stimulated ATPase activity was determined as the difference between the values obtained for the total and Mg^2+^-ATPase activities.

Plasma catecholamine determination
----------------------------------

The plasma catecholamine levels of NE, EPI and dopamine were measured using high-performance liquid chromatography and electrochemical detection as described previously [@b34].

Statistical analysis
--------------------

All results were expressed as mean ± S.E. Differences between the sham, MI- and drug-treated animal groups were evaluated by the analysis of variance ([anova]{.smallcaps}) test, followed by the Newman-Keuls test. Statistical analysis was performed with Origin 6.0 (Microcal Software, Northampton. MA, USA), and a probability level of *P* \< 0.05 was considered the threshold for statistical significance.

Results
=======

General characteristics due to MI
---------------------------------

Occlusion of the left anterior coronary artery for 20 weeks produced a large scar in the left ventricular chamber, whereas the surrounding cardiac muscle underwent hypertrophy as reflected by increased values for the heart wt compared to control (Table[1](#tbl1){ref-type="table"}). The heart wt, which consisted of the LV, RV and scar, in addition to the heart wt/body wt ratio were significantly increased due to the development of cardiac hypertrophy 20 weeks after MI. The cardiac hypertrophy parameters were significantly attenuated by losartan treatment (Table[1](#tbl1){ref-type="table"}). The mean scar wt varied from 700 to 800 mg with no major difference amongst the various groups of the MI rats, which equates to a mean scar size value of approximately 44%, as reflected by the scar wt/LV wt ratio. The cardiac architecture also revealed key changes in chamber dimensions, where the RV wt showed marked thickening (increase of 69%), which was greatly diminished with losartan to suggest a reduction in the degree of overall cardiac remodelling. Table[1](#tbl1){ref-type="table"} indicates no significant changes in body wt, scar wt and scar wt/LV wt ratio between infarcted and drug-treated groups when compared with sham rats. Although heart wt of sham animals was significantly increased upon treatment with losartan, the heart wt/body wt ratio was not altered (Table[1](#tbl1){ref-type="table"}). The data in Table[1](#tbl1){ref-type="table"} also show an alteration in the lung wet/dry wt ratio, with an increase of 25% of the sham value to suggest a considerable amount of pulmonary congestion and oedema in MI animals. Treatment with losartan demonstrated substantial recovery of the lung congestion during cardiac failure. However, no changes were observed for the liver wet/dry wt ratio due to MI in drug-treated or untreated groups (Table[1](#tbl1){ref-type="table"}).

###### 

General characteristics of sham and infarcted rats with and without losartan treatment for 8 weeks starting at 12 weeks after coronary artery occlusion

  Parameters                Sham          MI                                             Sham + LOS                                   MI + LOS
  ------------------------- ------------- ---------------------------------------------- -------------------------------------------- ----------------------------------------------
  Body wt (g)               680 ± 29      684 ± 30                                       709 ± 45                                     692 ± 16
  Scar wt (mg)              ND            750 ± 130                                      ND                                           516 ± 87
  Scar wt/LV wt (%)         ND            44 ± 6                                         ND                                           38 ± 6
  Heart wt (mg)             1616 ± 64     2600 ± 86[\*](#tf1-1){ref-type="table-fn"}     2166 ± 37[\*](#tf1-1){ref-type="table-fn"}   2129 ± 64[\#](#tf1-1){ref-type="table-fn"}
  Heart wt/body wt (mg/g)   2.85 ± 0.11   4.18 ± 0.19[\*](#tf1-1){ref-type="table-fn"}   3.11 ± 0.50                                  3.26 ± 0.07[\#](#tf1-1){ref-type="table-fn"}
  RV wt (mg)                375 ± 20      635 ± 60[\*](#tf1-1){ref-type="table-fn"}      283 ± 31                                     371 ± 18[\#](#tf1-1){ref-type="table-fn"}
  Lung wet/dry wt ratio     4.08 ± 0.18   5.13 ± 0.24[\*](#tf1-1){ref-type="table-fn"}   4.15 ± 0.10                                  3.56 ± 0.28[\#](#tf1-1){ref-type="table-fn"}
  Liver wet/dry wt ratio    2.68 ± 0.07   2.90 ± 0.03                                    3.07 ± 0.16                                  2.82 ± 0.05

Values are mean ± S.E. of seven animals in each group. MI: myocardial infarction; LOS: Losartan (20 mg/kg/day); ND: not detected; wt: weight; LV: left ventricle; RV: right ventricle; \**P* \< 0.05 compared with the 20 weeks sham group; \#*P* \< 0.05 compared with the 20 weeks MI group.

Cardiac performance and plasma catecholamines
---------------------------------------------

The 20 weeks infarcted animals showed a depression in contractile function that was evident by a marked increase in LVEDP (4.4-fold) with an accompanying 48% decrease in +d*P*/d*t*, 58% decrease in −d*P*/d*t* and 43% decrease in LVSP (Table[2](#tbl2){ref-type="table"}A). The contractile function in the infarcted animals was improved with losartan treatment, as the following parameters illustrated noticeable changes: LVEDP elevation was lowered from 4.4-fold to 1.6-fold, +d*P*/d*t* increased from 52% to 76%, −d*P*/d*t* increased from 42% to 76% and LVSP increased from 57% to 81%. No significant alterations in HR or MAP were observed amongst the sham and MI groups with or without drug treatment (Table[2](#tbl2){ref-type="table"}A). Plasma NE and EPI were markedly higher in the infarcted rats as compared with the sham rats (1.9-fold increase and 1.7-fold increase respectively; Table[2](#tbl2){ref-type="table"}B). Treatment of MI animals with losartan showed a further increase in the circulating levels of NE (1.3-fold increase), without any change in EPI levels. Plasma dopamine levels were also markedly elevated in MI rats (3.1-fold increase); however, treatment with losartan showed a dramatic reduction (from 203 to 79 pg/ml) in dopamine levels in the infarcted rats. Treatment of control animals with losartan showed no significant effect on plasma levels of catecholamines.

###### 

Haemodynamic parameters and plasma catecholamines in sham and myocardial infarcted rats with and without losartan treatment for 8 weeks beginning at 12 weeks after coronary artery occlusion

  Parameters                      Sham         MI                                             Sham + LOS   MI + LOS
  ------------------------------- ------------ ---------------------------------------------- ------------ ---------------------------------------------
  \(A\) Haemodynamic parameters                                                                            
   Heart rate (bpm)               220 ± 8      230 ± 6                                        237 ± 3      232 ± 11
   LVSP (mm Hg)                   134 ± 2.5    76 ± 2.1[\*](#tf2-1){ref-type="table-fn"}      125 ± 6      109 ± 4[\#](#tf2-1){ref-type="table-fn"}
   LVEDP (mm Hg)                  4.7 ± 0.11   20.8 ± 0.70[\*](#tf2-1){ref-type="table-fn"}   5.4 ± 0.63   7.6 ± 0.54[\#](#tf2-1){ref-type="table-fn"}
   +d*P*/d*t* (mm Hg/sec.)        7350 ± 400   3827 ± 130[\*](#tf2-1){ref-type="table-fn"}    6529 ± 290   5598 ± 346[\#](#tf2-1){ref-type="table-fn"}
   −d*P*/d*t* (mm Hg/sec.)        5620 ± 155   2350 ± 230[\*](#tf2-1){ref-type="table-fn"}    5253 ± 81    4263 ± 250[\#](#tf2-1){ref-type="table-fn"}
   MAP (mm Hg)                    151 ± 15     135 ± 10                                       149 ± 13     146 ± 12
  \(B\) Plasma catecholamines                                                                              
   Norepinephrine (pg/ml)         182 ± 4.8    355 ± 13.2[\*](#tf2-1){ref-type="table-fn"}    197 ± 6.0    455 ± 15[\#](#tf2-1){ref-type="table-fn"}
   Epinephrine (pg/ml)            78 ± 7.0     132 ± 5.6[\*](#tf2-1){ref-type="table-fn"}     77 ± 6.2     131 ± 4.5
   Dopamine (pg/ml)               66 ± 7.3     203 ± 19.7[\*](#tf2-1){ref-type="table-fn"}    77 ± 4.5     79 ± 5.0[\#](#tf2-1){ref-type="table-fn"}

Values are mean ± S.E. of five animals in each group. LVSP: left ventricular systolic pressure; LVEDP: left ventricular end diastolic pressure; MI: myocardial infarction; MAPL: mean arterial pressure; +d*P*/d*t*: rate of pressure development; −d*P*/d*t*: rate of pressure decay; bpm: beats per min; LOS: Losartan (20 mg/kg/day); \**P* \< 0.05 compared with the 20 weeks sham group; \#*P* \< 0.05 compared with the 20 weeks MI group.

Ventricular remodelling and performance
---------------------------------------

Echocardiographic examination of internal cardiac diastolic and systolic dimensions revealed marked changes in the structure of the heart due to MI (Table[3](#tbl3){ref-type="table"}A). The MI hearts showed a 26% decrease in the thickness of IVSs, a 23% increase in LVIDd, a 78% increase in LVIDs, a 55% increase in the thickness of LVPWs and a 28% increase in the thickness of LVPWd. Attenuation of changes in these parameters was observed with the treatment of MI animals with losartan, as IVSs increased from 74% to 90%, LVIDs showed a reduction from 178% to 145%, LVPWs showed a reduction from 155% to 107% and LVPWd showed a decrease from 128% to 90%. Interestingly, there was no significant reduction in the LVIDd value after treatment with losartan. Furthermore, there were no alterations in the thickness of IVSd in any group (Table[3](#tbl3){ref-type="table"}A). The infarcted animals also showed reductions in cardiac performance parameters to reflect a 40% decrease in EF, a 50% decrease in FS and a 54% decline in CO (Table[3](#tbl3){ref-type="table"}B). The 8-week treatment period with losartan revealed improvement of cardiac function, as these values were enhanced with an increase in EF from 60% to 73%, an increase in FS from 50% to 63%, and an increase in CO from 54% to 65%. The HR did not show any considerable variation in values. Furthermore, treatment of sham control animals with losartan did not produce any significant changes in parameters for internal cardiac dimensions or cardiac function (Table[3](#tbl3){ref-type="table"}A and B).

###### 

Internal cardiac diastolic and systolic dimensions and cardiac performance parameters by echocardiography of sham and infarcted animals with and without losartan treatment for 8 weeks beginning at 12 weeks after coronary artery occlusion

  Parameters                             Sham           MI                                              Sham + LOS     MI + LOS
  -------------------------------------- -------------- ----------------------------------------------- -------------- -----------------------------------------------
  \(A\) Cardiac remodelling parameters                                                                                 
   IVSd (cm)                             0.220 ± 0.01   0.227 ± 0.02                                    0.254 ± 0.03   0.239 ± 0.03
   IVSs (cm)                             0.387 ± 0.02   0.287 ± 0.01[\*](#tf3-1){ref-type="table-fn"}   0.387 ± 0.03   0.351 ± 0.02[\#](#tf3-1){ref-type="table-fn"}
   LVIDd (cm)                            0.878 ± 0.03   1.080 ± 0.02[\*](#tf3-1){ref-type="table-fn"}   0.845 ± 0.03   1.060 ± 0.07
   LVIDs (cm)                            0.468 ± 0.04   0.834 ± 0.05[\*](#tf3-1){ref-type="table-fn"}   0.533 ± 0.04   0.681 ± 0.02[\#](#tf3-1){ref-type="table-fn"}
   LVPWs (cm)                            0.241 ± 0.02   0.374 ± 0.03[\*](#tf3-1){ref-type="table-fn"}   0.270 ± 0.03   0.259 ± 0.01[\#](#tf3-1){ref-type="table-fn"}
   LVPWd (cm)                            0.346 ± 0.02   0.444 ± 0.03[\*](#tf3-1){ref-type="table-fn"}   0.305 ± 0.03   0.313 ± 0.03[\#](#tf3-1){ref-type="table-fn"}
  \(B\) Cardiac performance parameters                                                                                 
   Ejection fraction (%)                 80 ± 5.1       48 ± 3.2[\*](#tf3-1){ref-type="table-fn"}       70 ± 3.8       58 ± 2.2[\#](#tf3-1){ref-type="table-fn"}
   Fractional shortening (%)             46 ± 3.5       23 ± 1.3[\*](#tf3-1){ref-type="table-fn"}       37 ± 2.7       29 ± 1.4[\#](#tf3-1){ref-type="table-fn"}
   Cardiac output (l/min.)               0.461 ± 0.04   0.255 ± 0.02[\*](#tf3-1){ref-type="table-fn"}   0.457 ± 0.04   0.301 ± 0.04[\#](#tf3-1){ref-type="table-fn"}
   Heart rate (bpm)                      345 ± 10       360 ± 11                                        318 ± 7        338 ± 14

Values are mean ± S.E. of seven animals in each group. MI: myocardial infarction; LOS: Losartan (20 mg/kg/day); IVS: internal ventricular septum; LVID: left ventricular internal diameter; LVPW: left ventricular posterior wall; d: diastolic measurement; s: systolic measurement. \**P* \< 0.05 compared with the 20 weeks sham group. \#*P* \< 0.05 compared with the 20 weeks MI group.

Alterations in subcellular activities
-------------------------------------

The SR function was markedly depressed in heart failure as the data in Table[4](#tbl4){ref-type="table"}A show a decrease in Ca^2+^ uptake activity by 68% in MI hearts. However, there was an attenuation of this change showing an improvement from 32% to 58% upon losartan treatment. SR Ca^2+^-release activity was depressed in the untreated MI hearts by 53%, but this change was not affected by treatment with losartan (Table[4](#tbl4){ref-type="table"}A). MI hearts showed a 39% decrease in MF Ca^2+^-stimulated ATPase activity without any changes in Mg^2+^-ATPase activity when compared with the 20 week sham hearts (Table[4](#tbl4){ref-type="table"}B). Treatment of MI animals with losartan, showed a significant reversal from 61% to 79% in MF Ca^2+^-stimulated ATPase activity without any changes in Mg^2+^-ATPase activity. There were no alterations observed in SR Ca^2+^-transport and MF ATPase activities in control rats upon treatment with losartan (Table[4](#tbl4){ref-type="table"}).

###### 

Sarcoplasmic reticular and myofibrillar activities in sham and infarcted animals with and without losartan treatment for 8 weeks beginning at 12 weeks after coronary occlusion

  Parameter                                   Sham          MI                                             Sham + LOS    MI + LOS
  ------------------------------------------- ------------- ---------------------------------------------- ------------- ----------------------------------------------
  \(A\) Sarcoplasmic reticulum activities                                                                                
   Ca^2+^-uptake (nmol Ca^2+^/mg/min.)        53.1 ± 2.01   17.3 ± 2.70[\*](#tf4-1){ref-type="table-fn"}   51.9 ± 3.03   30.6 ± 3.30[\#](#tf4-1){ref-type="table-fn"}
   Ca^2+^-release (nmol Ca^2+^/mg/15 sec.)    8.9 ± 0.20    4.2 ± 0.15[\*](#tf4-1){ref-type="table-fn"}    8.4 ± 0.09    4.3 ± 0.11
  \(B\) Myofibrillar ATPase activities                                                                                   
   Mg^2+^ATPase (μmol Pi/mg/hr)               3.1 ± 0.07    3.0 ± 0.10                                     3.2 ± 0.12    2.9 ± 0.11
   Ca^2+^-stimulated ATPase (μmol Pi/mg/hr)   13.2 ± 0.80   8.1 ± 0.61[\*](#tf4-1){ref-type="table-fn"}    12.9 ± 0.73   10.5 ± 0.50[\#](#tf4-1){ref-type="table-fn"}

Values are mean ± S.E. of seven animals in each group. MI: myocardial infarction; LOS: Losartan (20 mg/kg/day); \**P* \< 0.05 compared with the 20 weeks sham group; \#*P* \< 0.05 compared with the 20 weeks MI group.

Modification of SR protein expression
-------------------------------------

To test if changes in SR Ca^2+^-uptake activity in the failing heart are associated with alterations in the expression of Ca^2+^-cycling and regulatory proteins, SR PLB, SERCA2a and CQS content were measured using Western blot analysis (Fig.[1](#fig01){ref-type="fig"}). The failing heart showed a reduction in the expression of PLB by 41% and SERCA2a by 68%, without any significant decrease in the protein expression of CQS. Upon the treatment of MI animals with losartan, these hearts revealed a significant amount of recovery in protein expression as values increased from 59% to 71% for PLB and from 32% to 74% for SERCA2a, without any apparent change in the value for CQS. Treatment of control animals with losartan had no effect on SR protein content.

![Typical Western blots (A) and relative protein content of sarcoplasmic reticular phospholamban (PLB; B), Ca^2+^-pump (SERCA2a; C) and calsequestrin (CQS; D) from sham and infarcted (MI) rat hearts with or without losartan (LOS) treatment. Each value is a mean ± S.E. of five animals. \**P* \< 0.05 compared with sham. \#*P* \< 0.05 compared with MI group.](jcmm0016-2958-f1){#fig01}

Alterations in SR and MHC mRNA expression
-----------------------------------------

To understand the mechanisms of changes in subcellular activities in the failing and drug-treated rat hearts, the steady-state mRNA levels for SR and MF proteins were examined using Northern blot analysis (Figs[2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}). The failing hearts following MI showed a reduction in mRNA levels for SR proteins with a 21% decline in SERCA2a and a 22% decline in PLB (Fig.[2](#fig02){ref-type="fig"}). These changes were not significantly reversed by losartan treatment, although there was a slight improvement in the levels of SERCA2a mRNA from 79% to 88%, and of PLB mRNA from 78% to 93% when compared with the control values of the sham rats. Furthermore, there was no alteration in the mRNA level for RyR in failing hearts with or without losartan treatment (Fig.[3](#fig03){ref-type="fig"}B). On the other hand, a significant 39% reduction in the α-MHC mRNA was observed in the MI hearts, whereas an increase in the β-MHC mRNA level of 200% was noted (Fig.[3](#fig03){ref-type="fig"}C and D). Treatment with losartan significantly attenuated the changes in the mRNA levels for MHC as β-MHC mRNA decreased from 300% to 212%, whereas that for α-MHC mRNA increased from 61% to 77% of the control hearts.

![Relative mRNA levels for sarcoplasmic reticular Ca^2+^-pump ATPase (SERCA2a; A) and phospholamban (PLB; B), as well as their corresponding Northern blots (C) from sham and infarcted (MI) rats, with or without losartan (LOS) treatment. Each value is a mean ± S.E. of seven animals. \**P* \< 0.05 compared with sham.](jcmm0016-2958-f2){#fig02}

![Typical Northern blots (A) and relative mRNA levels for sarcoplasmic reticular ryanodine receptor (RyR; B), alpha myosin heavy chain (α-MHC; C) and beta myosin heavy chain (β-MHC; D) isozymes from sham and infarcted (MI) rat hearts with or without losartan (LOS) treatment. Each value is a mean ± S.E. of seven animals. \**P* \< 0.05 compared with sham. \#*P* \< 0.05 compared with MI group.](jcmm0016-2958-f3){#fig03}

Discussion
==========

In this study, cardiac dysfunction in rats upon inducing MI for 20 weeks was evident from depressed LVSP, +d*P*/d*t* and −d*P*/d*t* as well as increased LVEDP. Furthermore, impairment of cardiac performance in these animals was seen because EF, FS and CO were markedly decreased. The infarcted animals showed cardiac hypertrophy as heart wt and heart wt/body wt ratio were increased. Furthermore, these animals were at congestive heart stage because the lung wet wt/dry wt ratio was increased. All these observations are in agreement with previous reports indicating the development of congestive heart failure at different times of inducing MI [@b22],[@b25],[@b27],[@b39],[@b40]. Such alterations in cardiac function are most likely due to cardiac remodelling as various parameters including increased LVIDd, LVIDs, LVPWs and LVPWd, as well as decreased IVSs were evident in 20 weeks infarcted animals. These observations are consistent with other reports showing cardiac remodelling in heart failure due to MI of different durations [@b31],[@b33],[@b39],[@b41],[@b42]. In view of the role of the prolonged activation of SNS in the development of heart failure [@b13],[@b14], the elevated levels of plasma, NE, EPI and dopamine can be seen to produce cardiac dysfunction and cause cardiac hypertrophy, as well as cardiac dilatation in the infarcted animals. Treatment of 12 weeks infarcted animals (exhibiting cardiac dysfunction) with losartan for a period of 8 week was found to reverse cardiac hypertrophy, cardiac remodelling and cardiac dysfunction partially. On the other hand, increases in RV wt, LVPWd and lung congestion were reversed fully by treatment of infarcted animals with losartan. It is pointed out that partial to complete prevention of these changes in failing heart have also been reported when the infarcted animals at pre-failure stage were treated with blockers of the RAS [@b22],[@b33],[@b43]--[@b46].

In spite of marked alterations in cardiac diastolic and systolic dimensions as well as LV pressures due to MI, no changes in HR or MAP were observed in this experimental model of heart failure. Such differences in the response of various haemodynamic and remodelling parameters to MI are surprising because the levels of plasma catecholamines were elevated as a consequence of prolonged activation of the sympathetic nervous system. This discrepancy may be due to haemodynamic adjustments under chronic conditions and/or release of some factors, which may have opposing effects (on specific sites) to those of the elevated levels of catecholamines, in the circulation. The partial reversal of cardiac dysfunction and cardiac remodelling in animals with heart failure by losartan treatment was not due to changes in work-load or after-load on the heart because no alterations in infarct size or mean arterial blood pressure were seen in the infarcted rats upon treatment with losartan. Likewise, changes in the plasma catecholamines cannot be considered to account for the reversal of cardiac dysfunction and cardiac remodelling in heart failure because plasma NE level was increased and that for EPI was unaltered upon the treatment of MI animals with losartan. It should be pointed out that because the high plasma angiotensin II level in the infarcted animals was further increased upon treatment with losartan [@b22], it is possible that the increase in plasma NE level in the losartan-treated infarcted animals may be due to the effect of angiotensin II on the sympathetic nerve terminals. However, it is also noteworthy that the observed increase in plasma dopamine in MI animals with heart failure was fully reversed upon losartan treatment. In view of the lack of information concerning the role of dopamine in heart failure, the exact significance of changes in plasma dopamine remains to be a matter of speculation. Furthermore, the mechanisms for the differential effects of losartan in heart failure due to MI need to be investigated.

Cardiac dysfunction in the failing heart is not only explained on the basis of cardiac remodelling but subcellular remodelling has also been suggested to play a critical role in the development of abnormalities in cardiac contraction and cardiac relaxation [@b6],[@b10],[@b32]. Particularly, alterations in SR Ca^2+^-release and SR Ca^2+^-pump, as well as MF Ca^2+^-stimulated ATPase activities have been shown to occur in heart failure due to MI [@b20],[@b22],[@b26],[@b27],[@b47]. Likewise, we have observed that both SR Ca^2+^-release and Ca^2+^-uptake activities, as well as MF Ca^2+^-stimulated ATPase activities were depressed in 20 weeks infarcted hearts. Depression in SR Ca^2+^-uptake activity in failing hearts was not only accompanied by corresponding changes in gene and protein expressions of SERCA2a but was also associated with gene and protein expressions for PLB, which is known to regulate the SR Ca^2+^-pump activity. Furthermore, the depression in MF Ca^2+^-stimulated ATPase activity appears to be due to a shift in myosin isozymes because mRNA level for α-MHC was decreased and that for β-MHC was increased in the failing hearts. Such a remodelling of SR and MF with respect to SR Ca^2+^-pump and MF Ca^2+^-stimulated ATPase proteins has been reported in failing hearts due to MI for 8 weeks [@b20],[@b22],[@b26],[@b27]. On the other hand, the observed decrease in SR Ca^2+^-release activity in 20 weeks infarcted animals was not associated with a corresponding depression in mRNA levels for Ca^2+^-release channel protein; this observation is in contrast to what was seen in the 8 weeks infarcted hearts [@b20],[@b22]. As no change in mRNA level for Ca^2+^-release channel protein was observed in 40 weeks infarcted hearts [@b48], it is likely that alterations in cardiac gene expression are biphasic where mRNA levels for Ca^2+^-handling proteins are depressed at early stages and are normalized or increased at late stages of heart failure. This view is consistent with our earlier observations showing biphasic changes in gene expression for SL Na^+^-Ca^2+^ exchanger at different times of inducing MI [@b21],[@b48].

The results in this study have revealed that alterations in SR Ca^2+^-uptake, Ca^2+^-pump protein, PLB protein and mRNA levels, as well as MF Ca^2+^-stimulated ATPase, α-MHC mRNA and β-mRNA levels due to heart failure were partially reversible upon treatment of 12 weeks infarcted hearts with losartan. Blockade of RAS with agents such as losartan has been shown to partially or fully prevent changes in SR and MF remodelling upon starting the treatment at the pre-failure stage in 3 weeks infarcted animals [@b22],[@b25]--[@b27]. Because the beneficial effects of losartan on SR Ca^2+^-pump protein, unlike SR PLB protein, were not evident at the level of its gene expression in 20 weeks infarcted hearts; it appears that losartan may affect post-translational sites for SR remodelling. Nonetheless, partial recovery of SR Ca^2+^-pump and MF Ca^2+^-stimulated ATPase activities by losartan treatment can be seen to account for the partial improvement of cardiac function in 12 weeks infarcted animals. It should be noted that losartan treatment showed no effects on the depressed Ca^2+^-release activity or unaltered gene expression for Ca^2+^-channel protein in 12 weeks infarcted animals. As the elevated plasma NE and EPI levels in infarcted animals were not decreased by losartan treatment, it is possible that the high levels of plasma catecholamines may induce the observed irreversible defect in Ca^2+^-channel proteins. Such a defect in SR Ca^2+^-release channels may suggest irreversibility of subcellular components in cardiomyocytes and/or ineffectiveness of different cardiac drugs to improve heart function at advanced stages of heart failure.

Because AT~1~R antagonists have been shown to improve cardiac function and attenuate cardiac remodelling in patients with heart failure [@b12],[@b17],[@b18], it can be argued that the conceptual novelty of this study to test reverse remodelling by losartan is quite limited. However, this does not seem to be the case because this study provides the first experimental evidence that the improvement of cardiac performance and reverse cardiac remodelling by any pharmacological intervention is associated with reversal of subcellular defects in the failing hearts. From the foregoing discussion, it is evident that partial reversal of cardiac dysfunction by losartan in MI animals at advanced stages of heart failure is associated with partial reversal of cardiac remodelling and partial attenuation of changes in SR Ca^2+^-transport and MF Ca^2+^-stimulated ATPase activities. Because losartan as well as different ACE inhibitors have also been demonstrated to prevent MI-induced alterations in SR and MF functions [@b20],[@b22]--[@b27], it is likely that the mechanism for the prevention and reversal of subcellular defects in heart failure due to MI may be similar to each other. Furthermore, because blockade of RAS has also been shown to prevent SL remodelling, restructuring of extracellular matrix and defects in signal transduction as well as metabolic and regulatory systems during early stages of heart failure [@b45],[@b46],[@b49]--[@b51], the possibility of their contribution in reversing cardiac dysfunction and remodelling at advanced stages of heart failure cannot be ruled out. Nonetheless, it should be noted that as losartan treatment of control animals did not affect any parameter of cardiac function, ventricular remodelling and subcellular activities, the beneficial effects of losartan in preventing or reverse remodelling in failing heart may not be due to its direct action on the myocardium. In view of the role of both oxidative stress and intracellular Ca^2+^-overload in the pathogenesis of cardiac remodelling, cardiac dysfunction and subcellular defects in heart failure [@b5],[@b6],[@b10],[@b32], it appears that agents such as losartan may both prevent and reverse cardiac dysfunction by reducing the development of oxidative stress and/or the occurrence of intracellular Ca^2+^-overload in the failing cardiomyocytes. Although different studies have provided evidence in this regard with respect to the prevention by losartan [@b19],[@b22],[@b46],[@b50],[@b51], extensive studies are required to understand the mechanisms of reverse cardiac remodelling, attenuation of subcellular defects and improvement of cardiac function by AT~1~R antagonists in the failing heart.
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